There are known short-term benefits in breastfed infants versus bottle-fed infants in terms of lower risks of infection and obesity in infancy and childhood, but the long-term effect on the risk of adult cancers is unclear. In a cohort of 1 in 4 UK women born in 1935-1950 we report the incidence of adult cancers in relation to having been breastfed in infancy. In median year 2001 (interquartile range [2000][2001][2002][2003] 548,741 women without prior cancer reported whether they had been breastfed. There was 81% agreement between women's report of having been breastfed and information on breastfeeding recorded when they were 2 years old. Participants were followed by record-linkage to national cancer registration, hospital admission and death databases. Cox regression yielded adjusted relative risks (RRs) and 95% confidence intervals (CI) by having been breastfed or not for eight cancer sites with > 2000 incident cases and for related conditions, where appropriate. Of the eight cancers examined here one association was highly statistically significant: an increase in colorectal cancer incidence among women who had been breastfed versus not (RR 1.18, 95% CI 1.12-1.24, n = 8651). To investigate further the findings for colorectal cancer, we studied eight other gastro-intestinal conditions, and found increased risks in women who had been breastfed versus not for benign colorectal polyps (RR 1.09, 95% CI 1.05-1.13, n = 17,677) and for appendicitis (RR 1.19, 95% CI 1.07-1.31, n = 2108). The greater risks of adult colorectal cancer, colorectal polyps and appendicitis associated with having been breastfed in infancy suggest possible long-term effects of infant feeding practices on the gastrointestinal tract. Further studies are required to clarify this novel association.
Introduction
There are known short-term benefits in breastfed infants versus bottle-fed infants in terms of lower risks of infection and obesity in infancy and childhood [1] , and some evidence has also suggested a reduced long-term risk of obesity and diabetes in adulthood [2] . Evidence on the long-term effects on other aspects of adult health, and particularly on the risk of adult cancer, is limited. There is a long-standing hypothesis, dating from the discovery of the mouse mammary tumour retrovirus [3] , that there might be similar vertically transmitted carcinogenic retroviruses in human breast milk [4] [5] [6] . A 2005 meta-analysis did not, however, find a significant difference in breast cancer risk by having been breastfed, but most of the evidence was from retrospective studies, which might have been affected by recall bias [7] . Under the viral hypotheses, maternal breast cancer might be expected to be a marker of maternal viral carriage, but only three small retrospective studies investigated the risk of breast cancer associated with having being breastfed in women whose mothers had had breast cancer, and findings are inconsistent [8] [9] [10] . There are other known differences between breastfed infants and bottle-fed infants in terms of growth [11] , gut microorganisms [12] , and the immune system [13] and some effects are thought to persist into adulthood [7] . In a large prospective study of UK women we compare the incidence of eight common adult cancers in those who reported that they were and were not breastfed as infants.
Methods
In 1996-2001 about 1 in 4 UK women born in [1935] [1936] [1937] [1938] [1939] [1940] [1941] [1942] [1943] [1944] [1945] [1946] [1947] [1948] [1949] [1950] was recruited into the prospective Million Women Study [14] . At recruitment, participants completed a questionnaire and reported personal information, including whether their mother had had breast cancer. Three years after recruitment participants were resurveyed and asked to update their personal and health characteristics and were asked for the first time about their usual diet [15] and about various childhood characteristics including their birthweight and whether or not they had been breastfed in infancy [16] . The 3-year resurvey was the baseline for these analyses. Study participants were followed for incident cancer, hospital admissions and deaths through record-linkage to routinely collected National Health Service (NHS) cancer registers and hospital admissions (NHS Digital in England and in NHS Information Services Division in Scotland). Diagnoses were coded to the International Classification of Diseases, 10th Revision (ICD-10). The study was approved by the Multi-Centre Research Ethics Committee for Anglia and Oxford. Data access policy and other information can be found on the study website (http://www.milli onwom enstu dy.org).
A sample of Million Women Study participants had, at the time of their birth in March 1946, been included in a UK-representative birth cohort study (the National Health Survey of Health and Development) [17] . When they were 2 years old it was recorded whether or not they were breastfed for more than a month. A comparison of this information with that reported by the same women on the Million Women Study questionnaire showed 81% agreement among 268 women [17] . Among those breastfed, the average duration of breastfeeding recorded when they were 2 years old was 6 months [17] .
Among women completed the baseline resurvey questionnaire for these analyses, we excluded 17,970 women with prior cancer and 224,259 who reported that they did not know whether or not they had been breastfed. The remaining 548,741 women were followed from baseline to the date of death, any cancer, lost to follow up, or 31 December, 2015, whichever was earliest. Using Cox regression, we estimated adjusted hazard ratios [referred to as relative risks (RRs) hereafter] and confidence intervals (CIs) for cancer and for selected other conditions in women who reported having been breastfed versus not. All analyses were stratified by single year of birth and single year at baseline, and using time since baseline as the underlying time variable. Unless otherwise specified, RRs were also adjusted for area deprivation [18] (in quintiles), having an educational qualification or not, 10 regions of residence, adult height (< 165, 165-169, ≥ 170 cm), body mass index (< 25, 25-29, 30 + kg/m 2 ), smoking (never, past smokers, current smokers who smoked < 10, 10-19, and ≥ 20 cigarettes per day), strenuous exercise (never, once per week, more than once per week), and alcohol consumption (0, 1-3, 4-6, 7-14, 15 + drinks/week) [19] , total energy intake (in quintiles), daily fibre intake (in quintiles [15] ), meat consumption (none, poultry only, red meat with no or little processed meat, and red meat plus processed meat), age at menarche (< 12, 12-14, 15 + years), parity (0, 1, 2, 3 +) and the age when their first child was born (< 24 and 24 +), and use of hormonal therapy for menopause (yes, no). For some analyses we additionally adjusted for other characteristics at birth and childhood including birth weight (< 2.5, 2.5-2.9, 3.0-3.4, 3.5-3.9, 4.0 + kg), parental smoking when they were born (both parents, one parent, and none), and whether parents owned their home when they were 10 years old. Women with missing values for any of the adjustment variables (< 4% for each variable) were assigned to separate categories for that variable, except for separate analyses with adjustment for characteristics at birth and childhood, in which only women who provided the information were included. Nominal significance was defined as p < 0.01, but confidence intervals of relative risks were all listed so that the strength of statistical significance can be assessed.
We examined associations for cancer at eight sites with 2000 or more incident cases. For cancer of the corpus uterus, we excluded women who reported that they had prior hysterectomy. For ovarian cancer, we excluded women who reported that they had prior bilateral oophorectomy. With a possible association found for colorectal cancer, we did a sensitivity analysis censoring women after they were first invited for bowel cancer screening (to avoid possible bias by selective participation in the national bowel screening programme) using information obtained through linkage to the National Health Service Bowel Cancer Screening Programme in England (NHS-BCSP) [20] . To seek evidence of plausible mechanisms that may explain the association with this gastrointestinal system cancer, we further investigated associations for eight other gastro-intestinal conditions. Likelihood ratio test was used for heterogeneity across subgroups by each characteristic.
Role of the funding source
The Million Women Study is funded by Medical Research Council UK and Cancer Research UK. The funders played no role in the collection, analysis, and interpretation of data; in the writing of the report; and in the decision to submit the paper for publication.
Results
Overall 72% (395,363/548,741) of eligible women without prior cancer reported that they had been breastfed as babies. Table 1 compares certain characteristics of women who had and had not been breastfed. The proportion who had been breastfed as infants declined by year of birth and otherwise there were no major differences between women who had and had not been breastfed as infants.
During 9.8 million person-years (12.7 years per woman) of follow-up, 57,998 incident cancers were registered across the eight most common cancer sites. After stratification by single year of birth and single year at baseline and adjustment for 14 additional factors, women who had been breastfed had a significantly higher risk of colorectal cancer (8651 incident cases, adjusted RR 1.18, 95% CI 1.12-1.24, p < 0.0000001; Fig. 1 ), but for the other 7 cancer sites there was no difference in risk by whether or not women had been breastfed (p > 0.05). For breast cancer there was no association overall (25,665 cases, RR 1.01, 95% CI 0.99-1.04) or when analyses were restricted to women whose mother had had breast cancer (2876 cases, RR 0.96, 95% CI 0.88-1.04).
The excess risk of colorectal cancer did not vary significantly by subgroups of women defined by 16 characteristics (Fig. 2 , p > = 0.05), nor when women who had been invited for bowel cancer screening were excluded from the analysis (RR 1.17, 95% CI 1.09-1.26, n = 3903). The risk was significantly elevated separately both for colon cancer and for rectal cancer ( Table 2 ). The excess risk observed for colorectal cancer in those breastfed, was also little affected by adjustment for the 17 factors including dietary intakes of energy, fibre and meat (Table 3) . The excess of colorectal cancer did not appear to be confounded by other known factors and was unlikely to be due to chance, and we therefore examined hospital admissions for eight other common gastro-intestinal conditions, to see whether any of them might also be associated with having been breastfed. All analyses censored women at the date of diagnosis of colorectal or any other cancer. No significant associations were found for cancers of the oesophagus, stomach, or small intestine (Table 2) . However, women who had been breastfed were more likely to have had benign colorectal polyps (RR 1.09, 95% CI 1.05-1.13, n = 17,677; p < 0.0000001) and appendicitis (RR 1.19, 95% CI 1.07-1.31, n = 2108; p = 0.0008) but less likely to have had inflammatory bowel disease (RR 0.93, 95% CI 0.87-0.99, n = 4211; p = 0.03). These associations with risk of benign colorectal polyps, appendicitis, and inflammatory bowel disease were not sensitive to adjustment by potential confounding factors (Table 2) .
Discussion
Breastfed infants are known to have many short-term health benefits compared to bottle-fed infants [1] and it is thought that there might also be long-term effects extending into adulthood [7, 21] This is by far the largest study to date of adult cancer risk associated with having been breastfed as an infant. We found a highly significant excess risk of colorectal cancer (with 8651 incident cases) among women who had been breastfed, and no association for seven other cancer sites with at least 2000 incident cancers. We also found highly significant excess risks of benign colorectal polyps and of appendicitis associated with having been breastfed in infancy. 
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Relative risk (RR) and 95% confidence intervals (CIs) for breastfed as an infant versus not, adjusted for year of birth, year at baseline, area deprivation, education, region of residence, adult height, body mass index, smoking, physical activity, alcohol consumption, daily energy intake, fibre intake, and red and processed meat intake. 
Subgroup

.4 RR (95% CI)
Relative risk (RR) and 95% confidence intervals (CIs) for breastfed as an infant versus not, adjusted for year of birth, year at baseline, area deprivation, education, region of residence, adult height, body mass index, smoking, physical activity, alcohol consumption, daily energy intake, fibre intake, and red and processed meat intake. Fig. 2 Relative risk of colorectal cancer in women who reported they were breastfed versus not as infants: subgroups Only one previous study has reported on the association with colorectal cancer, and with 53 incident cases found no significant association [7] . In our analysis, the excess risks of colorectal cancer and of colorectal polyps were little affected by adjustment for possible confounding factors, including smoking, body mass index, and dietary intakes of fibre and processed meat. The excess risks for colorectal cancer and for colorectal polyps, while unexpected, were both highly statistically significant. They suggest possible long-term differences in the lower gastro-intestinal tracts of adults who were breastfed and bottle-fed as infants. Others have hypothesised that the gut microbiome or virome might affect colorectal cancer risk [22, 23] . Infants who were and were not breastfed have been reported to have different gut microbiota [12] . Some evidence suggests that gut microbiota mature at around age 3 years [24] , but the extent to which different infant microbiota translate into long-term health is unclear.
Carcinogenic viruses can be transmitted vertically through breast milk [3] [4] [5] [6] . Cow's milk was the main alternative source of milk for infants in the 1930s and 1940s when almost all women in this cohort were born, and the ingredients of infant formula were not regulated in the UK until the 1960s [25] . Meta-analysis of observational data have reported that the consumption of cow's milk in adulthood is associated with a reduced risk of colorectal cancer in many studies [26] , but the relevance of this for our finding here for breastfed versus bottle-fed infants is unclear. We found, as others have reported [7, 9, [27] [28] [29] [30] [31] , no overall difference in breast cancer risk in those having been breast-fed as infants versus not. The mouse mammary tumour retrovirus is transmitted through breast milk [3, 4] , and if a mammary tumour virus were also to be transmitted vertically by human carriers, a sensitive test for such transmission is to examine the association among women whose mother had had breast cancer and hence could have been a virus carrier. This is also the largest and the only prospective report of familial cases of breast cancer, but still no excess risk was identified, strongly suggesting that transmission of a mammary tumour virus in milk is an unlikely an important cause of human breast cancer.
In this prospective study of UK women born in 1935-1950, 72% of reported they were breastfed as infants, consistent with findings from the 1946 birth cohort study (National Survey of Health and Development) [32] and the Hertfordshire Birth Cohort of babies born in 1930s [31] . The validation study showed 81% agreement between information on having been breastfed reported in the Million Women Study, when women were in middle age, and that recorded for the same women when they were 2 years old in the 1946 birth cohort study [17] . Any misclassification of women would tend to attenuate associations with cancer and other conditions.
Strengths of this study include its large size, virtually complete follow-up through routinely collected NHS databases, and ability to adjust for many potential confounding factors, including smoking, body mass index, and diet. The prospective design minimises possible recall bias between those with and without incident cancer, but as in other observational studies the possibility of confounding by unmeasured or unknown factors, for example childhood diet characteristics, cannot be excluded. Due to the age restrictions in recruitment and the exclusion of individuals who had incident cancer or died prior to study baseline, as required by the prospective design, these findings cannot be generalised to younger ages or extrapolated to lifetime cancer risks. Selection bias may arise if we have not controlled for other determinants of selection into the study that are also determinants of colorectal cancer risk. To explain our findings, any such bias would have to be due to the equivalent of an unknown factor that is an important, independent cause of colorectal cancer, but not of other cancers, which is also a cause of selection into the study but is essentially uncorrelated with the other factors for which we have controlled. This seems unlikely but again cannot be categorically ruled out. We were unable to investigate associations with the length of breastfeeding or with other infant feeding practices (such as exclusive breastfeeding) in this cohort. It is also unclear if these findings could be generalised to other populations where infant feeding practices differ.
There are definite and important benefits of being breastfed, which would far outweigh any increased risk of colorectal cancer and colorectal polyps in adulthood. Nevertheless the evidence presented here suggests possible long-term effects of infant feeding practices on the risk both of colorectal cancer and of colorectal polyps. This could imply novel mechanisms of colorectal carcinogenesis, but further studies are required to reproduce and to clarify this novel association.
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